Oxidative phosphorylation was measured polarographically in mitochondria isolated from normal ventricles and from the ventricles of guinea pigs and cats with experimental heart failure produced by constriction of the aorta or pulmonary artery. The presence of heart failure was proved by the study of myocardial mechanics in vitro, by cardiac catheterization, and by post-mortem examination. Mitochondria from failing ventricles had normal oxidative phosphorylation, and P-O ratios, respiratory control, oxygen consumption and ATPase activity did not differ from those of mitochondria from normal hearts. Results were the same whether incubations were performed at 25° or 37°C and whether glutamate or pyruvate and malate were used as the substrate. Mitochondria showed functional deterioration, probably due to fatty acid accumulation, when incubated for more than 10 min at 37°C or when isolated from hearts made hypoxic in vivo for as little as 3 min. The results of this study suggest that decreased myocardial contractility in experimental heart failure is not due to an intrinsic defect in mitochondrial function.
• The possibility that an impairment of myocardial energy production is an important biochemical defect in heart failure has been considered for many years. Since the energy used by the heart is derived primarily from oxidative phosphorylation, which occurs in the mitochondria, several investigators have examined this process in mitochondria isolated from the failing heart. However, the results of these investigations have been conflicting. Thus, oxidative phosphorylation has been reported to be normal in the guinea pig heart in which heart failure was produced by aortic constriction (1) , in the dog with heart failure secondary to pulmonic stenosis and tricuspid regurgitation (2) , and in patients with heart failure secondary to valvular rheumatic disease (3) . On the other hand, mitochondrial function has been shown From the Experimental Therapeutics Branch and the Cardiology Branch, National Heart Institute, Bethesda, Maryland 20014.
Accepted for publication July 17, 1967. to be impaired in the hearts of guinea pigs (4), rats (5) , and dogs (6) with aortic constriction and left ventricular hypertrophy or failure. The factors responsible for these divergent results have not been clear. Previous studies of oxidative phosphorylation in experimental heart failure have utilized manometric techniques that require relatively long incubations, various cofactors in the medium, and a phosphate trapping system using magnesium. In order to study mitochondria free from the influence of these experimental conditions we have employed polarographic methods that permit the rapid evaluation of oxidative phosphorylation in media without fortifying agents. The efficiency of oxidative phosphorylation was determined in mitochondria isolated from the right ventricles of cats and left ventricles of guinea pigs in which chronic heart failure had been produced by obstructing ventricular outflow. The results show that mitochondria isolated from such hearts in experimental failure secondary to ventricular overload have OrcuUUon Ruetrcb, Vol. XXI, Septembtr 1967 355 normal oxidative phosphoryLation. In addition, certain experimental conditions necessary in manometric studies were examined to determine their effect on mitochondrial function.
Methods
Animal Preparations.-Lett ventricular failure was produced in guinea pigs weighing 700 to 900 g by constriction of the ascending aorta with a clip having an i.d. of 2.0 mm (4,7); right ventricular failure was produced in cats weighing 1.7 to 2.2 kg by constriction of the main pulmonary artery with a clip having an i.d. of 2.8 mm. The guinea pigs were killed with a blow to the head 9 to 12 days after aortic constriction. The hearts were rapidly removed and the presence of congestive failure was demonstrated by post-mortem examination. In the cats, right heart catheterization was performed under anesthesia induced with 25 mg/kg sodium pentobarbital 15 to 77 days following pulmonary artery constriction; the presence of right heart failure was determined by the criteria outlined elsewhere (8) . Following catheterization the hearts were excised and right ventricular papillary muscles were rapidly removed for study. Maximum isotonic velocity of shortening and maximum isometric force were determined (9) .
Preparation of Mitochondria.-For each study of oxidative phosphorylation, mitochondria were isolated from the entire free wall of the right ventricle of a cat or from the entire free wall of the left ventricle of a guinea pig, by modifications of the methods of Cleland and Slater (10) and of Chance and Hagihara (11) as previously described in detail (12) . Immediately after the animal was killed, the tissue was immersed in cold homogenizing solution containing .01 M Tris pH 7.4, .30 M sucrose, and .001 M neutralized ethylenediaminetetraacetic acid (EDTA), minced, incubated with 1 mg/ml of bacterial protease (Nagarse, Enzyme Development Corporation, New York), and homogenized. The mitochondria were separated by differential centrifugation. The entire preparative procedure was performed at 0° to 4°C and mitochondria were studied within 90 minutes following removal of the heart.
Evaluation of Oxidative Phosphorylation.-Oxidative phosphorylation was studied polarographically by a modification of the method of Chance and Williams (13) as previously described in detail (12) . The following indices of oxidative phosphorylation were obtained: P-O ratio (//.moles of adenosine diphosphate (ADP) phosphorylated per /aatom of oxygen consumed); respiratory control (R. C, the ratio of oxygen consumption in the presence of ADP to that after the ADP had been utilized); and mitochondrial Mitochondria (ca. 2 mg of mitochondrial protein) were incubated in a closed cuvette with a capillary sidearm in a medium containing .25 M sucrose, .001 M neutralized EDTA, .01 M Tris pH 7.4, 7.5 HIM potassium phosphate pH 7.4, and .01 M substrate 1 in a final volume of 2 ml at either 25° or 37°C. Oxygen concentration in the medium was measured continuously with a Clark oxygen electrode polarized at .700 v and connected to a Kintel 204A microgalvanometer. The amplifier output was recorded on a direct-writing oscillograph. Initial oxygen consumption rapidly reached a steady state, at which time 10 or 20 liters of .025 M ADP were injected through the capillary sidearm of the cuvette. Such an addition led to an increase in oxygen consumption that persisted until the added ADP had been phosphorylated and then returned to a rate similar to the initial one. On the basis of the known content of oxygen in the cuvette (14, 15) the oxygen consumption //nmole of ADP added was obtained and the P-O ratio calculated. Rates of mitochondrial oxygen consumption used to calculate the R. C. were obtained graphically. Mitochrondrial protein was determined by a modification of the biuret method (16) , and Qo 2 was calculated using the measured rate of mitochondrial respiration in the presence of ADP and the known amount of mitochondrial protein in the incubating medium. Figure 1 shows a tracing Substrates were neutral sodium salts of L-glutamic acid (.01 M) or of pyruvic acid (.01 M) plus L-malic acid (.005 M), the latter combination being referred to as pyruvate.
representative of those on which calculations were based. Multiple additions of ADP during a single incubation permitted multiple determinations of the indices of oxidative phosphorylation. All ADP solutions were prepared on the day of the experiment and were made up to the desired concentration with the aid of speo trophotometric assays at 259 m/x. The molar extinction coefficient used was 15.4 X 10 3 (17) .
Assay of Oxidative Phosphorylation during Prolonged Incubation of Mitochondria.-To examine the effect of incubation itself on mitochondrial function, polarographic determinations were performed at successive intervals on mitochondrial suspensions continuously incubated in standard medium at 37°C in an open cuvette. Prior to each series of P-O ratio, R. C, and Qo 2 determinations, the mitochondrial suspension was reoxygenated by bubbling air through the capillary sidearm of the cuvette. In some experiments the medium was fortified initially with 10" 8 M ADP, 10" 8 M adenosine triphosphate (ATP), or 5 X 10-* M magnesium chloride. In other experiments bovine serum albumin, 30 mg/ml, was added late in the incubation.
Determination of Adenosine triphosphatase (ATPase) Activity.-ATP ase activity was determined by measuring the amount of phosphate liberated from ATP during a standard incubation of mitochondria in buffered sucrose solution containing an excess of ATP as previously described (12) . Phosphate was measured by the method of Martin and Doty (18) .
Determination of Free Fatty Adds.-The free fatty acid (FFA) content of fresh mitochondrial suspensions and of those incubated for 20 min at 37°C was determined using gas liquid chromatography as previously described (12) . Since heptadecanoic acid is virtually absent from mammalian mitochondria (19) , it was used as an internal standard to permit determination of recovery in each experiment. After a chloroform: methanol (2:1) extract of each mitochondrial suspension had been obtained (20) , fatty acids were separated from the other lipids by thin-layer chromatography on silica gel G with a chloroform: methanol:water (195:75:12) solvent system. The plates were sprayed with .001* Rhodamine 6 G to make the fatty acid spots visible under ultraviolet light. Fatty acids were eluted with chloroform: methanol (2:1) and methylated with boron trifluoride-methanol (21) . Resulting mediyl esters were analyzed by gas-liquid chromatography.
Results
Documentation of Heart Failure.-All guinea pigs included in the experimental group had congestive heart failure, manifested by pleural effusions and hepatic congestion. All cats in the experimental group had postmortem findings of pleural effusions, ascites, and/or combination of an abnormally high right ventricular end-diastolic pressure and an abnormally low cardiac output. Intrinsic myocardial contractility, as reflected in the maximum isometric tension and the maximum velocity of shortening, were depressed in all of the papillary muscles obtained from the cats (8) . As shown in Table 1 , most of the cats manifested abnormalities in several of these categories, and all of them showed abnormal papillary muscle function. Marked hypertrophy of the overloaded ventricle was apparent in all animals in the experimental groups.
Efficienaj of Oxidative Phosphorylation,-
Mitochondria isolated from the failing ventricles of cats or guinea pigs showed uniformly normal indices of oxidative phosphorylation, whether incubated at 25° or 37°C with either glutamate or pyruvate as substrate. The mitochondria prepared from the normal and the failing right ventricle of cats were essentially identical with respect to P-0 ratio, R. C. or Qo> (Table 2) . Similarly, mitochondria from the failing and the normal left ventricles of guinea pigs showed no differences in any of the three indices of oxidative phosphorylation when they were incubated with glutamate at 37°C ( Table 3) .
Mitochondrial ATPase Activity.-Neither latent nor activated ATPase activities of mitochondria from the failing right ventricles of cats differed from those of the control ( Table  4 ). The low latent ATPase activity observed is typical of functionally intact mitochondria (22) .
Effect of Hypoxia in Vivo on Oxidative Phosphorylation.-In a separate group of 4 normal guinea pigs, myocardial hypoxia was induced by stunning the animal but not removing the heart for 3 to 5 min. Stunning produced unconsciousness, immediate respira-tory arrest and rapid darkening of the arterial blood, but did not lead to cardiac arrest during this period. Mitochondria isolated from all 4 of these hearts had consistently depressed P-0 ratios (1.4 to 2.3), low R. C. (1.2 to 2.5), and low Qo 2 (.076 to .178 /xatoms/ mg protein per min). Latent ATPase activity of such mitochondria was appreciably increased. Addition of albumin to the reaction medium had a restorative effect (see below).
Deterioration of Oxidative Phosphorylation during Prolonged Incubation of Mitochondria at 37°C-Incubation of mitochondria from 6 preparations in the standard medium at 37°C led to progressive deterioration of function, which was always detectable within 10 min. This deterioration was variable among different preparations and was characterized by decreased P-O ratio, decreased R. C, and decreased Q02 ( Table 5 ). It occurred to a similar extent in mitochondria prepared from normal and failing ventricles of guinea pigs. Values in the table were obtained as described in Table 2 , and units are the same as in Table 2. 360 SOBEL, SPANN, POOL, SONNENBLICK, BRAUNWALD Although it could not be prevented by ADP, ATP, and/ or magnesium, it was both preventable and reversible by bovine serum albumin, a potent FFA-binding agent (23) (Fig. 2 ). The addition of FFA, a known uncoupling agent (24) , in concentrations as low as 2.5 ^g/ml, produced immediate deterioration of oxidative phosphorylation in fresh normal mitochondria at 25° C, comparable to the deterioration occurring during incubation Results of two representative experiments in which each of two mitochondrial suspensions (one from ventricle of normal guinea pig, the other from failing ventricle of guinea pig) was incubated at 37°C with glutamate as substrate. Incubation time refers to the time at which each series of determinations used to obtain average P/O, R. C, and maximum Qo 2 was begun. Values represent averages obtained as described in Table 2 . See text for experimental details. The results show that oxidative phosphoryiation deteriorates rapidly as a function of time and that albumin has a marked restorative effect.
.960 Cos chromatograms obtained from Upid extracts of mitochondria from normal guinea pig hearts before (left) and after (right) incubation of the mitochondria for 20 min at 37°C in the presence of glutamate. The peaks on the left were identical to those obtained with methyl ester of the internal standard alone. Those on the right show that in addition to the internal standard, other fatty acids are present after incubation.
without FFA at 37°C. Larger amounts of FFA completely inhibited any respiratory response to ADP and produced increased respiration in the absence of any added phosphate acceptor, i.e. uncoupling of oxidation from phosphorylation (Fig. 3) . (Fig. 4 ). There was no systematic difference between mitochondria prepared from normal and failing ventricles with respect to the amount or type of FFA appearing during incubation, although the amount appearing was quite variable. The migration of the predominant fatty acid released during incubation was characteristic of linoleic acid on 1% SE 30 (polysilotane) and 15% EGS (polyethlene glycol succinate) columns.
Fatty Acid Content of Mitochondrial Sus-

Discussion
Previous studies of mitochondria isolated from failing hearts have led to conflicting conclusions (1) (2) (3) (4) (5) (6) . Manometric methods, requiring relatively long incubations of mitochondria, have been used in most of these studies. During the present investigation, variable deterioration of oxidative phosphorylation was observed when mitochondria were incubated for periods as short as 10 min at 37° C. Such deterioration was associated with the release of FFA, which are known uncoupling agents (24) , and could be duplicated by the addition of FFA to fresh normal mitochondria. Furthermore, since these deleterious effects of fatty acids on mitochondrial function could be reversed or prevented by albumin, a potent FFA-binding agent (23), it seems likely that FFA were responsible for the abnormal function observed (25) . In general, workers who observed decreased P-O ratios in mitochondria obtained from failing heart muscle utilized manometric techniques and incubations of approximately 30 min at temperatures ranging from 30° to 37.5°C. Under such conditions, the results obtained may have been influenced by the adverse effect of the incubation on the mitochondria.
Other possible factors responsible for the lack of uniformity in the results of earlier studies were also explored. It was clearly demonstrated that the speed of removal of the heart after killing the animal and avoidance of myocardial hypoxia in vivo are critical if successful study of mitochondrial function is to be achieved. Thus, variations in the method of production of failure, in removal of the heart and preparation of the mito-chondria and the techniques employed in the study may have contributed to the disparity among earlier results.
The major finding of the present investigation is that mitochondria isolated from the ventricles of animals in well-documented, severe heart failure showed normal oxidative phosphorylation in vitro. Efficiency of energy production was normal whether the mitochondria were obtained from failing right ventricles of cats or failing left ventricles of guinea pigs; whether they were incubated at 25° or 37°C; and whether they were utilizing pyruvate, glutamate, or betahydroxybutyrate as substrate. It was possible in the cat to document by hemodynamic techniques that heart failure was present in vivo and that a marked impairment of the intrinsic contractile state of the myocardium existed in vitro. The finding of normal oxidative phosphorylation in mitochondria isolated from these hearts is of particular interest. It suggests that the observed depression of the muscle's intrinsic contractile state was not due to inefficiency of energy production by the mitochondria, an observation which is in accord with the finding that the high energy phosphate stores in these depressed papillary muscles were normal (26) .
